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(54) Illumination apparatus and image projection apparatus using the illumination apparatus 



(57) An illumination apparatus comprises a LED (1 ) 
having diffusion radiation characteristics, a light leading 
rod (10) or a taper rod (13), which has an incident end 
surface, an outgoing radiation end surface and a reflec- 
tion surface, and reflects on the reflection surface at 
least a part of a light ray from the LED (1 ) collected from 



the incident end surface, thereby leading the light to the 
outgoing radiation end surface, and an illumination lens 
(11) for converting an outgoing light angle intensity of 
the outgoing light from the outgoing radiation end sur- 
face of the rod (10 or 13) into a position intensity' in a 
predetermined irradiation area. 
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Description 

[0001] The present invention relates to a portable il- 
lumination apparatus which has the high brightness and 
realizes uniform illumination, and an image projection 
apparatus using the illumination apparatus. 
[0002] As a light source in an illumination apparatus 
for use in an image projection apparatus such as a video 
projector, a discharge type bulb lamp light source is gen- 
erally used in combination with a parabolic reflector or 
an ellipsoid reflector. However, in the bulb lamp light 
source, since a lamp bultx-itself or an electrode forms a 
shadow, an unevenness of radiation distribution is gen- 
erated and there occurs a so-called "reduced dark spot". 
Further, it has radiation angle characteristics of a rela- 
tively narrow (non-flat) distribution. Therefore, in such a 
discharge type lamp, when Koehler illumination is car- 
ried out the "reduced dark spot" is generated at the 
center, or shading at the circumference becomes prom- 
inent, which leads to lack of illuminant uniformity. Thus, 
an integrator such as a fly-eye lens must be usually em- 
ployed, which results in a large-scale illumination appa- 
ratus. 

[0003] On the contrary, a light emitting diode (which 
will be referred to as an LED hereinafter) has advantag- 
es such as a long duration of life, a single color lumines- 
cence, a high color reproducibility, as compared with the 
conventional bulb lamp light source. Furthermore, in re- 
cent years, its luminous efficiency is getting close to that 
of the bulb lamp, and it is expected that the LED will 
exceed the bulb lamp in this regard. Thus, various kinds 
of image projection apparatuses such as a video pro- 
jector using such a LED as a light source have been 
proposed. 

[0004] Since this LED is a so-called diffusion (Lam- 
bertian) light source, when the LED is used as a light 
source in an illumination apparatus, how to efficiently 
condense the light and lead it to an illumination area is 
difficult, which must be contrived. Moreover, an LED 
chip is constituted by bonding an electrode to an elec- 
trode structure and an element. 
[0005] Since the LED has such a chip structure and 
radiation angle characteristics, it can be said that if is a 
light source suitable for Koehler illumination. That is, 
critical illumination which sets the chip and an illumina- 
tion object in a conjugate relationship is not suitable for 
an illumination apparatus since an image of the chip 
structure leads to lack of illuminant uniformity. On the 
contrary, in a Koehler illumination optical system that an 
angle intensity distribution of the light source becomes 
a position intensity distribution in an illumination area, 
since there is obtained an intensity distribution which is 
relatively flat with respect to an angle, a smooth intensity 
distribution can be readily acquired in an illumination ar- 
ea. A problem is a condensing efficiency of diffused light 
rays with a wide angle. 

[0006] As an illumination apparatus which has such 
an LED as a light source and is used in an image pro- 



jection apparatus, for example, Jpn. Pat. Appln. KOKAI 
Publication No. 11-32278 proposes an illumination ap- 
paratus which converts an outgoing light ray from an ar- 
ray of LEDs into a substantially parallel light ray by a 

5 condensing optical system corresponding to each LED , 
and converts it to a light flux diameter according to a 
size of a light modulation element by an afocal optical 
system constituted by a combination of a convex lens 
and a concave lens. 

10 [0007] Additionally, USP 6,227,669 B1 proposes as 
an illumination apparatus of an image projection appa- 
ratus utilizing a plurality of luminous bodies as a light 
source, a Koehler illumination system which takes out 
output light rays from a plurality of LEDs by a radiation 

*5 distribution lens array as a condensing optical system 
corresponding to each LED and superimposes the light 
rays from a plurality of the LEDs on a light modulation 
element such as an LCD by a superimposition lens. 
[0008] Further, USP 6,31 8,863 proposes as an illumi- 

20 nation apparatus used in an image p rojection apparatus 
utilizing LEDs as a light source, a critical illumination ap- 
paratus which converts light rays with a large angle emit- 
ted from a plurality of LEDs into light rays with a small 
angle by a taper rod corresponding to each LED, and 

25 then superimposes them on a light modulation element 
by a pair of lens arrays corresponding to each taper rod 
and a superimposition lens. Alternatively, this publica- 
tion also proposes an illumination apparatus which con- 
verts light rays with a large angle emitted from a plurality 

30 of LEDs into light rays with a small angle by a taper rod 
corresponding to each LED and then evenly superim- 
poses them on a light modulation element by a single 
taper rod. 

[0009] Furthermore, as a fundamental principle in an 
35 optical system, a light preservation rule that a product 
of an area and a solid angle of a light flux is fixed before 
and after an optical system is well known . Generally, this 
product of the area and the solid angle is referred to as 
Etendue, and this rule is called an Etendue constant rule 
40 or a Lagrange constant rule that a product of an object 
(image) height and a light beam angle (NA) is constant 
on one plane. That is, in two-dimensional FIG. 1A, as- 
suming that S 1 is an area before an optical system 9, 
12 1 is a solid angle of its light flux, S 2 is an area after the 
45 optical system 9, and is a solid angle of its light flux, 
the following expression can be obtained: 

S 1 xfl 1 = S 2 x n 2 (1) 

so 

Furthermore, in one-dimensional FIG. 1B, assuming 
that Y 1 is an object (image) height before the optical sys- 
tem 9, NA 1 is its light beam angle (NA), Y 2 is an object 
(image) height after the optical system 9, and NA 2 is its 
55 light beam angle (NA), the following expression can be 
achieved: 
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Y 1 x NA 1 = Y 2 x NA 2 v (2) 

[0010] However, in such an illumination apparatus as 
disclosed in Jpn. Pat. Appln. KOKAI Publication No. 5 
1 1 -32278, when illumination is performed by using a plu- 
rality of LEDs, since there is an individual difference in. 
brightness between light emitting elements such as 
LEDs in no small measure, the individual difference in 
brightness of the LEDs disadvantageously results in 10 
lack of illuminant uniformity in, an illumination area (on 
a light modulation element) if superimposition illumina- 
tion is not effected. Moreover, when the lens is used as 
a condensing element, since an incident NA is not very 
large due to the aberration, the efficiency is not good. 15 
[0011] On the other hand, in such an illumination ap- 
paratus as disclosed in USP 6,227,669 B1, the con- 
densing property is not good in view of the aberration - 
since the lens is used, and the condensing efficiency is 
poor because a power in the vicinity of an axis of each 20 
condensing lens (condensing optical system) is nega- 
tive. Additionally, even if a pupil is adequately formed 
with respect to the light emitted from the center of each 
LED (light on the LED axis), since a pupil is formed at a 
different position with respect to the light emitted from a 25 
part other than the central part of the LED, and an optical 
pupil is not formed, thereby deteriorating the efficiency. 
[0012] In the illumination apparatus disclosed in USP 
6,31 8,863, when a lens diameter of the lens array on a 
rear stage of the taper rod is small, the efficiency to con- 30 
dense the outgoing light from the taper rod is degraded. 
On the contrary, when the lens diameter is large, a dis- 
tance between the taper rods must be increased, and 
hence it is hard to reduce a size of the entire illumination 
apparatus. Further, in another structure disclosed in the 55 
same publication, since a diameter of the single taper 
rod used for superimposition becomes necessarily 
large, the number of times of reflection on a side surface 
cannot be assured when a length of this taper rod is 
short, and lack of illuminant uniformity remains. Increas- 40 
ing the length results in a heavy apparatus. Further- 
more, illuminating the reflection type display element as 
the light modulation element cannot assure a light path 
to be folded, and hence this display element cannot be 
utilized. 45 
[0013] Moreover, when using a diffusion light source, 
e.g., an LED as a light source, since a solid angle (or 
NA) is large, it is difficult to condense the light within a 
predetermined angle and within a predetermined area. • 
That is, in FIG. 1 A, it is hard to set the area S 2 or the 50 
solid angle to a small value. However, when a light 
bulb such as a widely used liquid crystal element or a 
two-dimensional micro mirror deflecting array as a light 
modulation element in an image projection apparatus, 
there is a tolerance in the NA of a light flux to be emitted 55 
in terms of a contrast or an efficiency of the light bulb 
itself, a resolution specification of a projection optical 



system, and a color separation or an efficiency in a po- 
larizing optical system which is also utilized in case of 
using a liquid crystal. That is, in FIG. 1 A, the solid angle 
£l 2 must be reduced, and the area S 2 is substantially 
determined by a light bulb size. If a light source sizecan- 
not be changed, the solid angle H 1 must be set small. 
In other words, the condensing efficiency of the light 
emitted from the light source is lowered. 
[0014] In view of the above-described problems, it is 
an object of the present invention to provide an illumi- 
nation apparatus which uses a small-plane light source 
such as an LED and can realize efficient even illumina- 
tion having a desired parallelism, and a display appara- 
tus using the illumination apparatus. 
[0015] According to a first aspect of the present inven- 
tion, there is provided an illumination apparatus com- 
prising: 

a small-plane light source having diffusion radiation 
characteristics; 

a columnar light leading member, having an inci- 
dent end surface, an outgoing radiation end surface 
and a reflection surface, configured to reflect on the 
reflection surface at least a part of a light ray from 
the small-plane light source collected from the inci- 
dent end surface, thereby leading the light to the 
outgoing radiation end surface; and 
an angle position converting member configured to 
convert an outgoing light angle intensity of the out- 
going light from the outgoing radiation end surface 
of the columnar light leading member into a position 
intensity in a predetermined irradiation area. 

[0016] According to a second aspect of the present 
invention, there is provided an image projection appa- 
ratus comprising: 

an illumination apparatus comprising: 

a small-plane light source- having diffusion ra- 
diation characteristics; 

a columnar light leading member, having an in- 
cident end surface, an outgoing radiation end 
surface and a reflection surface, configured to 
reflect on the reflection surface at least a part 
of a light ray from the small-plane light source 
collected from the incident end surface, thereby 
leading the light to the outgoing radiation end 
surface; and 

an angle position converting member config- 
ured to convert an outgoing light angle intensity 
of the outgoing light from the outgoing radiation 
end surface of the columnar light leading mem- 
ber into a position intensity in a predetermined 
irradiation area; 

a light modulation element, having a pixel structure, 
configured to modulate a light ray for each pixel in 
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accordance with an image signal; and 
a projection lens configured to enlarge and project 
the light modulation element, wherein 
the light modulation element is arranged in the illu- 
mination area in the illumination apparatus. 

[0017] According to a third aspect of the present in- 
vention, there is provided an illumination apparatus 
comprising: 

a small-plane light source having diffusion radiation 
characteristics; 

columnar light leading means, having an incident 
end surface, an outgoing radiation end surface and 
a reflection surface, for reflecting on the reflection 
surface at least a part of a light ray from the small- 
plane light source collected from the incident end 
surface, thereby leading the light to the outgoing ra- 
diation end surface; and 

angle position converting means for converting an 
outgoing light angle intensity of the outgoing light 
from the outgoing radiation end surface of the co- 
lumnar light leading means into a position intensity 
in a predetermined irradiation area. 

[001 8] According to a fourth aspect of the present in- 
vention, there is provided an image projection apparatus 
comprising: 

an illumination apparatus comprising: 

a small-plane light source having diffusion ra- 
diation characteristics; 

columnar light leading means, having an inci- 
dent end surface, an outgoing radiation end 
surface and a reflection surface, for reflecting 
on the reflection surface at least a part of a light 
ray from the small-plane light source collected 
from the incident end surface, thereby leading 
the light to the outgoing radiation end surface; 
and 

angle position converting means for converting 
an outgoing light angle intensity of the outgoing 
light from the outgoing radiation end surface of 
the columnar light leading means into a position 
intensity in a predetermined irradiation area; 

a light modulation element, having a pixel structure, 
for modulating a light ray for each pixel in accord- 
ance with an image signal; and 
a projection lens for enlarging and projecting the 
light modulation element, wherein 
the light modulation element is arranged in the illu- 
mination area in the illumination apparatus. 

[0019] This summary of the invention does not nec- 
essarily describe all necessary features so that the in- 
vention may also be a sub-combination of these de- 



scribed features. 

[0020] The invention can be more fully understood 
from the following detailed description when taken in 
conjunction with the accompanying drawings, in which: 

5 

FIG. 1A is a view illustrating a light preservation 
rule; 

FIG. 1B is a view illustrating the light preservation 
rule; 

10 FIG. 2 is a view showing a structure of an illumina- 
tion apparatus according to a first embodiment of 
the present invention; 

FIG. 3 is a view showing a structure of an illumina- 
tion apparatus according to a second embodiment 
15 of the present invention; 

FIG. 4 is a view illustrating a light preservation rule 
in the illumination apparatus according to the sec- 
ond embodiment; 

FIG. 5 is a view showing a structure of an illumina- 
20 tion apparatus according to a third embodiment of 
the present invention; 

FIG. 6 is a view showing a structure of an illumina- 
tion apparatus according to a fourth embodiment of 
the present invention; 
25 FIG. 7 is a view showing radiation distribution angle 
characteristics of a light flux emitted from an outgo- 
ing radiation end surface of each taper rod in the 
illumination apparatus according to the fourth em- 
bodiment; 

30 FIG. 8 is a view showing angle distribution charac- 
teristics; 

FIG. 9A is a horizontal cross-sectional view show- 
ing a structure of an illumination apparatus accord- 
ing to a fifth embodiment of the present invention; 
35 FIG. 9B is a vertical cross-sectional view showing 
the structure of the illumination apparatus accord- 
ing to the fifth embodiment; 
FIG. 10 is a view illustrating an optical pupil to be 
formed; 

40 FIG. 11 is a view showing examples of an angular 
taper rod; 

FIG . 1 2 is a view showing a dimension table of each 

angular taper rod illustrated in FIG. 11 ; 

FIG. 13A is a view showing radiation distribution 

45 characteristics of an outgoing light ray from an out- 
going radiation end surface of an angular taper rod 
13A depicted in FIG. 11 when radiation angle char- 
acteristics of an LED chip are determined as Lam- 
bertian (complete diffusion); 

50 FIG. 13B is a view showing radiation distribution 
characteristics of an outgoing light ray from an out- 
going radiation end surface of an angular taper rod 
13B likewise depicted in FIG. 11; 
FIG. 13C is a view showing radiation distribution 

55 characteristics of an outgoing light ray from an out- 
going radiation end surface of an angular taper rod 
13C likewise depicted in FIG. 11 ; 
FIG. 1 3D is a view showing radiation distribution 
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characteristics of an outgoing light ray from an out- 
going radiation end surface of an angular taper rod 
13D likewise depicted in FIG. 11; 
FIG. 14 is a view showing a structure of an illumi- 
nation apparatus according to a sixth embodiment 5 
of the present invention; 

FIG. 15A is a perspective view of an illumination ap- 
paratus illustrating irregularities in an angle in case 
of an angular taper rod; 

FIG. 15B is a view showing an angle intensity dis- 10 
tribution graph in the illumination apparatus depict- 
ed in FIG. 15A; 

FIG. 1 6A is a view showing a structure of an illumi- 
nation apparatus according to a seventh embodi- 
ment of the present invention; 15 
FIG. 16B is a view showing an angle intensity dis- 
tribution graph in the illumination apparatus accord- 
ing to the seventh embodiment; 
FIG. 17 is a view illustrating a diffusion angle of a 
diffuser; 20 
FIG. 1 8 is a vjew illustrating shape conversion from 
a circular light flux to an elliptic light flux by a one- 
dimensional diffuser; 

FIG. 1 9 is a view illustrating shape conversion from 

a circular light flux to a rectangular light flux by a 25 

light flux shape conversion diffuser; 

FIG. 20 is a perspective view showing a structure 

of an illumination apparatus using the light flux 

shape conversion diffuser depicted in FIG. 19; 

FIG, 21 is a view illustrating an illumination area 30 

when the light flux shape conversion diffuser is not 

used; 

FIG. 22 is a view illustrating an illumination area 
when the light flux shape conversion diffuser is 
used; . 35 
FIG. 23 is a view illustrating rectangular shape sep- 
aration of the light flux by the light flux shape con- 
version diffuser; 

FIG. 24 is a view showing a structure of an image 
projection apparatus using an illumination appara- *o 
tus according to an eighth embodiment of the 
present invention; 

FIG. 25 is a view showing a structure of an illumi- 
nation apparatus according to a ninth embodiment 
of the present invention; *s 
FIG. 26 is a view showing a structure of a modifica- 
tion of the illumination apparatus according to the 
ninth embodiment; 

FIG. 27 is a view showing a structure of an image 
projection apparatus using another modification of 50 
the illumination apparatus according to the ninth 
embodiment; 

FIG. 28A is a view illustrating an LED which emits 
the light at a first point in time of relative movement 
of a taper rod and the LED in an illumination appa- 55 
ratus according to a 10th embodiment of the 
present invention; 

FIG. 28B is a view illustrating an LED which emits 



the light at a second point in time; 
FIG. 28C is a view illustrating an LED which emits 
the light at a third point in time; 
FIG. 28D is a view illustrating an LED which emits 
the light at a fourth point in time; 
FIG. 29A is a view showing a structure of an illumi- 
nation apparatus according to an 11th embodiment 
of the present invention; 

FIG. 29B is a view illustrating a light flux shape to 
be emitted; 

FIG. 30 is a view showing the structure of the illu- 
mination apparatus according to the 11th embodi- 
ment in further detail; and 

FIG. 31 is a view showing a structure of a modifica- 
tion of the illumination apparatus according to the 
11th embodiment. 

[0021] Embodiments according to the present inven- 
tion will now be described hereinafter with reference to 
the accompanying drawings. 

[First Embodiment] 

[0022] As shown in FIG. 2, an illumination apparatus 
according to a first embodiment of the present invention 
is constituted by an LED 1 as a small-plane light source, 
a light leading rod 10 as a columnar light leading mem- 
ber, an illumination lens 11 as a angle position conver- 
sion member or a pupil formation member, and a light 
modulation element 1 2. Here, when the light leading rod 
10 is arranged in such a manner that an outgoing radi- 
ation end surface of the light leading rod 1 0 is placed at 
a front focal position of the illumination lens 1 1 , an opti- 
cal pupil is formed in the vicinity of a focal position of the 
illumination lens 11 . Therefore, when the light modula- 
tion element 12 is arranged at that pupil position, there 
can be obtained Koehler illumination which is telecentric 
on an image side with the outgoing radiation end surface 
of the light leading rod 10 being used as a virtual light 
source. It is to be noted that the light leading rod 10 is 
formed of a material of a glass or a resin which is trans- 
parent to a wavelength band of an illumination light flux, 
and constituted by an optical plane which is entirely mir- 
ror-finished so as to lead the light by total reflection on 
a side surface in terms of the efficiency. 
[0023] Further, assuming that the light modulation el- 
ement 12 is a one-inch transmission type LCD, an al- 
lowable NA is 0.2, and an NA from the outgoing radiation 
end surface of the light leading rod is Sin 25°, a light 
leading rod cross-sectional size 0 is 0 = 2 x 25.4 x 0.2 
/ (2 x Sin (25°)) = 1 2 mm based on a relationship shown 
in FIG. 1 B. Since the light beam NA does not vary de- 
pending on an input side and an output side of the light 
leading rod 10, when a chip of the LED 1 is distanced 
from an incident plane of the light leading rod 10 by 13 
mm, only the light beam of not more than 25° can be 
taken out, and lack of illuminant uniformity can be sup- 
pressed to approximately ±10%. Furthermore, when a 
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focal distance f of the illumination lens 11 is set to ap- 
proximately 27 mm, a pupil with a diameter of 1 inch can 
be formed at a position which is away from a principal 
plane of the illumination lens 11 by approximately 27 
mm, thereby realizing illumination with the good area ef- 
ficiency, where the area efficiency is the ratio of effective 
area (for example, LCD area) to illumination area (actual 
illuminated area). Incidentally, it is further preferable if a 
condensing element has a high light collection efficiency 
of the light from the LED light source while collecting the 
low efficiency of approximately 18% into consideration 
because the illumination lens 11 becomes a short focus 
lens having an F number being approximately 1 and the 
light collection efficiency of the light leading rod 10 is an 
incident NA of 25°, where the light collection efficiency 
is the ratio of incidence light beams into inlet of rod to 
radiated light beams from light source. 
[0024] As described above, since the illumination ap- 
paratus accordin g to the first embodiment comprises the 
light leading rod 10 which condenses a radiant light ray 
from the small-plane light source such as an LED 1 and 
the illumination lens 11 which forms a pupil with a pre- 
determined size from the outgoing light from the light 
leading rod 10, an illumination system with a short opti- 
cal length can be realized with a relatively simple struc- 
ture. Moreover, since radiation angle characteristics of 
the LED 1 relatively gently curve and the radiation angle 
characteristics are converted into uneven ness of spatial 
distribution on a pupil when the pupil is formed by the 
illumination lens 11 , when the pupil is determined as an 
irradiated area, an illumination apparatus which can per- 
form even illumination with less illumination irregulari- 
ties can be realized. 

[Second Embodiment] 

[0025] A second embodiment according to the 
present invention will now be described. As shown in 
FIG. 3, an illumination apparatus according to the sec- 
ond embodiment is constituted by an LED 1 as a small- 
plane light source, a taper rod 13 as a columnar light 
leading member, an illumination lens 11, and a light 
modulation element 12. That is, in the light leading rod 
10 depicted in FIG. 2, the light collection efficiency is 
increased when the chip of the LED 1 is moved closer 
to the rod in order to improve the light collection efficien- 
cy of the rod, but the light out of the irradiated area or 
the light exceeding the allowable NA is obtained, which 
is the wasteful light after all. Thus, in the second embod- 
iment, the taper rod 13 which is a tapered light leading 
rod is used, and NA conversion is performed in the taper 
rod 13, thereby improving the efficiency. Since the light 
leading rod has a tapered shape, the NA of the light flux 
collected to the incident end surface of the taper rod 1 3 
among the emitted light rays from the LED 1 becomes 
further small and the light is emitted since the light beam 
with a large angle is reflected on the side surface of the 
taper rod 1 3 and converted into a small angle when out- 



going from the outgoing radiation end surface of the ta- 
per rod 1 3. Therefore, the incident NA of the light emitted 
from the LED can be increased, thereby improving the 
efficiency. It is to be noted that a length of the light lead- 
ing rod 10 is not mentioned in the first embodiment, but 
an angle intensity distribution of the light outgoing from 
the outgoing radiation end becomes further uniform as 
the length is longer when the light leading rod has the 
tapered shape as described above. 
[0026] Moreover, when a focal distance of the illumi- 
nation lens 11 is f, an optical pupil is formed at a focal 
position away from the principal plane of the illumination 
lens 11 to a rear stage side by f. When the outgoing ra- 
diation end surface of the taper rod 13 is arranged at a 
position away from the principal plane of the illumination 
lens 11 to a front stage side by f, the light modulation 
element 1 2 can be illuminated in the telecentric manner. 
When a gap between the outgoing radiation end surface 
of the taper rod 13 and the principal plane of the illumi- 
nation lens 11 is set shorter than the focal distance f, it 
is possible to illuminate the light modulation element 12 
at a light beam oblique angle which forms a divergence 
direction as getting closer to the circumference of the 
light modulation element 12 like this embodiment. For 
example, in an image projection apparatus using such 
an illumination apparatus, when enlarging and project- 
ing the light modulation element 1 2 by using a non-illus- 
trated projection lens, achieving matching with the pro- 
jection lens at the light beam oblique angle can reduce 
vignetting generated in the projection lens, thereby as- 
suring the efficiency. For example, when using a lens 
having a focal distance of approximately 27 mm as the 
illumination lens 11 , which is utilized in the example of 
FIG. 12, the taper rod 13 can convert the light into the 
light with NA 0.3 provided that the taper rod 13 has an 
incident end surface 3> (cross-sectional size) of 1 .5 mm, 
an outgoing radiation end surface O of 8.8 mm and a 
length of 40 mm, and a 0.7-inch transmission type LCD 
as the light modulation element can be illuminated with 
the NA 0.15. At this time, a main light beam oblique an- 
gle is matched with a main light beam oblique angle of 
a projection lens arranged on a rear stage of that LCD. 
[0027] As described above, in orderto realize efficient 
even illumination with a desired parallelism by using a 
small-plane light source such as an LED 1 , the illumina- 
tion apparatus according to the second embodiment 
comprises the taper rod 13 which converts the diffused 
light emitted from the light source into the light having a 
high parallelism with the excellent condensing property, 
and the illumination lens 11 which forms a pupil with a 
predetermined size from the outgoing light from the ta- 
per rod 1 3. Moreover, the radiation angle characteristics 
of the LED 1 relatively gently curve, and using the taper 
rod 13 can obtain further flat radiation angle character- 
istics. Since forming a pupil by the illumination lens 11 
can convert the radiation angle characteristics into un- 
evenness of spatial distribution on the pupil, if the pupil 
is determined as an irradiated area, it is possible to re- 
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alize the illumination apparatus which can perform even 
illumination with less illumination irregularities. 
[0028] It is to be noted that a relationship of Etendue 
when the above-described taper rod 13 is used is as 
shown in FIG. 4. Here, of the diffused light emitted from 
the LED 1 , there can be achieved a preservation rule 
between the light which was collected by the taper rod 
13, reached the outgoing radiation end surface of the 
taper rod 13 and has an outgoing radiation end area St 
and a solid angle ^ and the light which was transmitted 
through a lens system 1 1 1 (illumination lens 1 1 ) and has 
an area S 2 and a solid angle h 2 , and a ratio of a light 
quantity emitted from the LED 1 and a light quantity emit- 
ted from the taper rod outgoing radiation end surface is 
an efficiency of light collection and light leading in the 
taper rod 13. 

[0029] Additionally, although the taper rod 1 3 and the 
light leading rod 10 are manufactured from a material of 
a transparent glass or resin in a wavelength band of the 
illumination light flux, for example, BK7 as a general- 
purpose optical glass is suitable since it demonstrates 
characteristics of a high transmittance and low scatter- 
ation over a visible range. Further, although expensive, 
quartz or the like may be used in order to secure the 
transmittance in a short wavelength band. Furthermore, 
since total reflection is determined as basic, the entire 
surface constituting the rod must be formed into a mirror 
finished surface instead of a so-called roughened sur- 
face. 

[0030] Furthermore, even if a hollow pipe structure 
whose inner surface is a reflection surface, i.e., a mirror 
pipe is used with respect to the rod formed by such a 
transparent optical member, it is possible to obtain func- 
tions such as desired condensing and an improvement 
in parallelism of a light beam. This mirror pipe is formed 
by processing a metal plate to obtain a rod shape or 
forming a metal reflection film or a dielectric multilayer 
film on its inner surface. Such rod type and hollow pipe 
type are the same in principle except that mediums are 
a glass or a resin and air and refractions are different in 
accordance with their refractive index. However, the rod 
type has characteristics that it has the better efficiency 
because of total reflection, its number of times of reflec- 
tion is larger than that of the pipe type since it is inflec- 
tive, foreign particles adhere on an end surface of the 
rod type, it is heavier than the pipe type, and its manu- 
facturing cost is high. In this embodiment as well as oth- 
er embodiments, it is good enough to select an appro- 
priate type in accordance with its use condition taking a 
high value on the efficiency or the size into considera- 
tion. 

[Third Embodiment] 

[0031] A third embodiment will now be described. As 
shown in FIG. 5, an illumination apparatus according to 
the third embodiment is constituted by a plurality of pairs 
of the LED 1 and the taper rod 13 which are the same 



as those in the second embodiment. In this case, the 
illumination lens 11 is constituted so as to be telecentric 
on the image side in such a manner that each taper rod 
outgoing radiation end surface is placed at a position 

5 away from the principal plane of the illumination lens 11 
by a distance corresponding to the focal distance f . and 
the taper rod 13 is arranged in parallel, thereby super- 
imposing the light rays from the respective LEDs 1 . 
[0032] According to the illumination apparatus having 

10 such a structure, since a plurality of the LEDs 1 are pro- 
vided, the brightness can be increased, individual differ- 
ences in radiation angle characteristics of the LEDs 1 
can be averaged, and even illumination can be 
achieved.- 

75 

[Fourth Embodiment] 

[0033] A fourth embodiment according to the present 
invention will now be described. As shown in FIG. 6, an 
20 illumination apparatus according to the fourth embodi- 
ment is constituted by shifting the pairs of the LED 1 and 
the taper rod 13 in a direction of the optical axis of the 
illumination lens 1 1 in the structure of the third embodi- 
ment. That is, the illumination lens 11 is constituted in 
25 such a manner that light beams with an outermost angle 
from the taper rods 13c1 and 13c2 form the outermost 
axes of the light modulation element 12, the taper rods 
13b1 and 13b2 are slightly shifted in a direction away 
from the illumination lens 11, and the taper rod 13a is 
30 arranged at a further distanced position. 

[0034] The advantage of the illumination apparatus 
having such a structure will now be described. FIG. 7 is 
a view showing radiation distribution angle characteris- 
tics of a light flux emitted from the outgoing radiation end 
35 surface of each taper rod 13. As shown in the drawing, 
the light fluxes each having an angle within approxi- 
mately ±27° are led to the light modulation element 12 
in the taper rods 1 3d and 1 3c2, but the light modulation 
element 1 2 is illuminated by the light fluxes each having 
an angle within approximately ±24° in the taper rods 
1 3b1 and 1 3b2 and the light flux having an angle within 
approximately ±20° in the taper rod 13a. When such an 
arrangement is adopted, irregularities in illumination on 
the actual light modulation element 1 2 correspond to ad- 
dition of the respective angle distribution characteristics 
of a, b and c shown in FIG. 8, and there is a merit that 
irregularities in illumination is averaged. 

[Fifth Embodiment] 

[0035] A fifth embodiment according to the present in- 
vention will now be described. FIGS. 9A and 9B are a 
• horizontal cross-sectional view and a vertical cross-sec- 
tional view showing a structure of an illumination appa- 
ratus according to the fifth embodiment. The illumination 
apparatus according to this embodiment uses a mirror 
pipe 14 in place of the taper rod 13 in the second em- 
bodiment, and changes a taper degree of the mirror pipe 
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14 in accordance with its direction. In this manner, when 
a ratio in size of an incident end surface and an outgoing 
radiation end surface of the mirror pipe 14, i.e., an ap- 
erture ratio varies depending on the horizontal direction 
and the vertical direction, an NA of the outgoing light flux 5 
also varies depending on each direction. Therefore, a 
size of an optical pupil 1 5 to be formed varies depending 
on each direction and, as shown in FIG. 10, even if the 
incident end surface is square, the outgoing radiation 
N A in the vertical direction is smaller than the NA in the 
horizontal direction when the outgoing radiation end sur- 
face has a rectangular shape which is long in the vertical 
direction, i.e., when an aperture in the vertical direction 
is larger than an aperture in the horizontal direction. 
Therefore, the shape of the pupil 15 is an ellipse having 
a major axis in the horizontal direction. 
[0036] By adopting such a structure, when the light 
modulation element 12 having an aspect which is long 
in the lateral direction is illuminated, causing the NA to 
be fall within the allowable NA can increase an area ef- 
ficiency of an irradiated area, thereby improving the op- 
tical efficiency. 

[0037] Here, in order to clarify a relationship between 
a shape and angle distribution characteristics of the rod 
or the mirror pipe each having such an aperture ratio 
(which will be referred to as an AR hereinafter) as shown 
in FIGS. 9A and 9B, or the rod or the mirror pipe each 
having an incident end surface shape with an aspect, 
angle distributions of such angular taper rods (or mirror 
pipes each having a taper) 1 3A to 1 3D as shown in FIG. 
1 1 will now be examined. In regard to coordinate axes, 
a direction of a major axis is determined as Z, a horizon- 
tal direction of a cross section is determined as a direc- 
tion X and a vertical direction of the same is determined 
as a direction Y as shown in FIG. 11 . 
[0038] The dimension in this case is as shown in a 
table of FIG. 12. That is, with respect to a chip size 1 x 
1 of the LED 1 , a gap between the LED chip and the 
incident end surface and a length are coordinated as 0.5 
and 35, respectively. Although the taper rod 1 3A and the 
taper rod 1 3B have the same AR, the taper rod 1 3B has 
the sizes of the incident end surface and the outgoing 
radiation end surface which are twofold of those of the 
taper rod 13A. Each of the taper rod 13A and the taper 
rod 13C has the AR in one direction which is twofold of 
the AR in the other direction. Although the taper rod 13A 
and the taper rod 1 3D have the same AR, a diameter in 
one direction is twofold of a diameter in the other direc- 
tion. The taper rod 1 3C and the taper rod 1 3D have the 
ARs which vary depending on a direction. 
[0039] Further, FIGS. 1 3A to 1 3D show radiation dis- 
tribution characteristics of outgoing light beams from 
outgoing radiation end surfaces of the respective rods 
when the radiation angle characteristics of the LED chip 
are determined as Lambertian (complete diffusion). The 
taper rod 13A and the taper rod 13B are compared with 
each other in incident end surface size. Since the AR 
does not vary depending on the direction, as apparent 



from comparison between FIGS. 13A and 13B, there is 
no difference in characteristics between the X (horizon- 
tal) direction and the Y (vertical) direction, but the taper 
rod 1 3B has a larger aperture than that of the taper rod 
1 3A : and hence its outgoing radiation angle is also large. 
That is because the incident NA is large due to a large 
size of the incident end surface, and the outgoing radi- 
ation NA is thereby large. 

[0040] Furthermore, the taper rod 13A and the taper 
rod 1 3C are compared with each other in AR. As appar- 
ent from comparison between FIGS. 13A and 13C, the 
taper rod 1 3A and the taper rod 1 3C have the same out- 
going radiation NA in the X direction in which the AR is 
the same, but the taper rod 13C having the large AR in 
the Y direction has the smaller outgoing radiation NA. 
The qualitative explanation illustrated in FIG. 10 can be 
applied as it is. 

[0041] The taper rod 13A and the taper rod 13D are 
compared with each other in incident end surface size. 
The taper rod 1 3A and the taper rod 1 3D have the same 
AR in the respective directions but, as apparent from 
comparison between FIGS. 13Aand 13D, the taper rod 
13D has the larger outgoing radiation NA in the Y direc- 
tion. That is because the taper rod 13A has the larger 
incident end surface than that of the taper rod 1 3D and 
its incident NA is thereby larger. 
[0042] The taper rod 13C and the taper rod 13D are 
compared with each other in AR The taper rod 1 3C and 
the taper rod 1 3D have a relationship that the size of the 
incident end surface is doubled. In regard to the AR, the 
taper rod 13C has 2.8 in the X direction and 5.6 in the 
Y direction, and the taper rod 13D has 2.8 in the X di- 
rection and 2.8 in the Y direction. As apparent from com- 
parison between FIGS. 13C and 13D, the outgoing ra- 
diation NA in the X direction of the taper rod 1 3C is equal 
to that in the X direction of the taper rod 13D, but the 
taper rod 13C which has the larger AR has the smaller 
outgoing radiation NA in the Y direction. The outgoing 
radiation NA in the Y direction of the taper rod 1 3D which 
has the same AR value in the X direction is larger be- 
cause the taper rod 1 3D has the larger incident end sur- 
face size. 

[0043] To sum up, the outgoing radiation NA becomes 
smaller as the AR is larger, and it becomes smaller as 
the incident end surface size is smaller. Moreover, irreg- 
ularities in angle of the outgoing radiation angle become 
smooth as the length is increased. The angle character- 
istics shown in FIGS. 13A to 13D are not illustrated in 
the smooth graphs, and hence angle irregularities re- 
main. The angle irregularities can be reduced when the 
taper rod length is increased. 

[0044] By using the taper rod (or the mirror pipe hav- 
ing a taper) in this manner, the light flux with the incident 
NA which is not less than approximately 0.8 due to the 
gap and the incident end surface can be converted into 
the light flux with the NA of approximately 0.3. Even if 
this is tried to be achieved by using the lens, the lens 
itself with the incident NA is difficult, and it is hard to 



15 



20 



25 



30 



35 



40 



45 



50 



8 



BNSDOCID: <EP 1 398659A2_I_> 



15 



EP 1 398 659 A2 



16 



provide a transition performance on the entire chip sur- 
face although an axile performance can be assured. A 
conversion degree of the NA of this taper rod (or the 
mirror pipe having a taper) depends on the above-de- 
scribed AR but does not depend on a so-called taper 5 
angle in a length with which a certain measure of the 
number of times of reflection can be assured. That is, in 
the graphs of FIGS. 13A to 13D, even if the length of 
each taper rod (or the mirror pipe having a taper) shown 
in FIG. 11 is changed, only the smoothness of the 10 
graphs varies, and the maximum angle or the inclination 
of each graph does not greatly vary. 

[Sixth Embodiment] 

15 

[0045] A sixth embodiment according to the present 
invention will now be described. An illumination appara- 
tus according to this embodiment is obtained by modi- 
fying the fourth embodiment by utilizing a fact that the 
NA of the outgoing light of the taper rod 13 becomes 20 
smaller when the AR as a ratio of the incident end sur- 
face size and the outgoing radiation end surface size is 
large, as described in connection with the fifth embodi- 
ment. 

[0046] That is, as shown in FIG. 1 4, in the illumination 25 
apparatus according to the sixth embodiment, a taper 
rod 13p having the large AR and the small NA is ar- 
ranged in the vicinity of the center close to the optical 
axis, and taper rods 13r1 and 13r2 each of which has 
the small AR and the large outgoing radiation NA are 30 
arranged in the vicinity of the circumference away from 
the optical axis. 

[0047] By adopting such a structure, a wasteful area 
can be eliminated in the irradiation area relative to an 
irradiation object, and illumination irregularities can be 35 
averaged while assuring the efficiency. 

[Seventh Embodiment] 

[0048] A seventh embodiment will now be described. 40 
Angle irregularities exist in the light emitted from the ta- 
per rod as shown in FIGS. 13A to 13D when a length of 
the taper rod is small. That is, as shown in FIGS. 15A 
and 15B, in case of the angular taper rod 13, the lattice 
angle irregularities are generated in the light to be emit- 
ted. When the light flux emitted from the taper rod 13 is 
subjected to Koehler illumination by forming a pupil, the 
angle irregularities directly become irregularities in illu- 
mination intensity on the irradiation object. Thus, in the 
illumination apparatus according to the seventh embod- so 
iment, as shown in FIG. 1.6A, a diffuser 1 6 as a light dif- 
fusion element is arranged on a rear stage of the outgo- 
ing radiation end surface of the taper rod 13. As a result, 
as shown in FIG. 1 6B, the angle irregularities can be 
reduced. Incidentally, atthis time, if a diffuser with a very 55 
large diffusion angle is used as the diffuser 1 6, the light 
has a large angle is obtained even though the light has 
been converted into the light with the small NA by the 



taper rod 13. Therefore, the diffuser 16 with a relatively 
small diffusion angle is used in terms of a level of illumi- 
nation irregularities. 

[0049] A diffusion angle of this diffuser 1 6 will now be 
described with reference to FIG. 17. A largeness of the 
diffusion angle relates to a reduction in angle irregular- 
ities (reduction in illumination irregularities in regard to 
an illumination position) and the efficiency, the angle ir- 
regularities are reduced as the diffusion angle is larger, 
but the efficiency is deteriorated. In regard to a maxi- 
mum diffusion angle G, assuming that a focal distance 
of the illumination lens 11 is f, a degree that the angle 
becomes substantially equal to an illumination area L at 
an illumination position is its upper limit, when the light 
flux vertically outgoing from the outgoing radiation end 
surface of the taper rod 1 3 has a spread of the diffusion 
angle 8. The effect of averaging the outgoing radiation 
angle becomes maximum with this degree of the diffu- 
sion angle. However, when the maximum outgoing ra- 
diation angle of the original taper rod 1 3 corresponds to 
substantially 6 without using the diffuser 16, a size of 
the pupil becomes large with respect to the illumination 
area by interposition of the diffuser 1 6, and the efficiency 
is considerably deteriorated, and hence a smaller value 
than this maximum diffusion angle is actually preferred 
as the diffusion angle. 

[0050] Additionally, although the angle irregularities 
can be reduced by arranging the diffuser 1 6 on the rear 
stage of the taper rod 1 3, the efficiency can be improved 
by contriving the characteristics of the diffuser 16 when 
Koehler illumination is performed. For example, as 
shown in FIG. 18, by using a diffuser (one-dimensional 
diffuser 16A) having a diffusion angle only in the one- 
dimensional direction by which an elliptic light flux can 
be obtained upon receiving a circular light flux, the area 
efficiency of the illumination area can be improved when 
a rectangular irradiation object is subjected to Koehler 
illumination. As this one-dimensional diffuser 1 6A, there 
is known, e.g., a beam shaping diffuser which is on the 
market under the brand name of LSD5x0.2. 
[0051] Further, as shown in FIG. 1 9, the area efficien- 
cy is further improved by using a diffuser (light flux shape 
conversion diffuser 16B) having a light flux shape con- 
version function which converts a circular light flux into 
a rectangular light flux. In this case, when the diffusion 
angle is not small as described above, shading of an 
angle distribution becomes large, or the efficiency is de- 
teriorated. However, when the diffusion angle is small 
with respect to the NA on the outgoing radiation side of 
the outgoing light of the taper rod, the light flux shape 
conversion is not sufficiently carried out, and hence it is 
important to increase the NA conversion effect of the 
taper rod and select a diffuser with an optimum diffusion 
angle in accordance with the balance of the shading and 
the efficiency. Here, a certain degree of a light path 
length is required in order to obtain an angular light flux. 
Therefore, it is preferable to arrange the light flux shape 
conversion diffuser 16B in the vicinity of the outgoing 
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radiation end surface of the taper rod 13. For example, 
there is used an illumination apparatus having such a 
structure as shown in FIG. 20. By adopting the illumina- 
tion apparatus having such a structure, such an illumi- 
nation area 17 as shown in FIG. 21 obtained when the 
light flux shape conversion diffuser 16B is not used is 
changed into such an illumination area 17 as shown in 
FIG. 22 by arranging the light flux shape conversion dif- 
fuser 16B. In this case : the area efficiency is approxi- 
mately 60% in case of FIG. 21 , but it is increased to ap- 
proximately 80% in case of FIG. 22. 
[0052] It is to be noted that the light flux shape con- 
version diffuser 16B as the light flux shape conversion 
element includes radiation distribution characteristics 
which vary depending on the horizontal direction, the 
vertical direction and the diagonal direction, and can 
separate the light flux into a rectangular shape as shown 
in FIG. 23 and realize conversion into an angularshape. 
This light flux shape conversion diffuser 1 6B is disclosed 
in : e.g., USP 5,365,354 or USP 5,534,368, and a radi- 
ation distribution control is enabled by a surface relief 
technique which processes a hologram pattern on a ma- 
terial surface of, e.g., a resin. For example, there is 
known a beam shaping diffuser which is on the market 
under the brand name of LSD5x3. 
[0053] By arranging the diffuser having fine irregular- 
ities randomly formed thereto on the outgoing radiation 
end surface of the taper rod 13 in order to approximate 
the pupil shape to a desired shape rather than a circular 
shape, the efficiency can be improved. 

[Eighth Embodiment] 

[0054] An eighth embodiment according to the 
present invention will now be described. Meanwhile, 
when condensing the light subjected to NA conversion 
by the taper rod 13 onto a predetermined illumination 
area, if an illumination object requires oblique illumina- 
tion like a case of a two-dimensional micro mirror de- 
flecting array, a structure layout of the taper rod 13 or 
the illumination lens 11 must be decentered in accord- 
ance with oblique illumination. It is to be noted that the 
two-dimensional micro mirror deflecting array for light 
modulation is known from the trademark of DMD (digital 
micro mirror device), and it is disclosed in, e.g., Jpn. Pat. 
Appln. KOKAI Publication No. 11-32278 or USP 
6,129,437, thereby eliminating its detailed explanation. 
[0055] FIG. 24 is a view showing a structure of an im- 
age projection apparatus using the illumination appara- 
tus according to the eighth embodiment when such ob- 
lique illumination is required. That is, an eccentric mirror 
1 1 A is used as a pupil formation member in place of the 
illumination lens 1 1 , a light path is folded by the eccentric 
mirror 11 A, and a DMD 12A as the light modulation el- 
ement 12 is illuminated, thereby achieving a compact 
structure. In this case, there are exercised some inge- 
nuities, e.g., arrangement of the eccentric mirror 11 A in 
such a manner that an ON light ray and an OFF light ray 



of the DMD do not overlap, and an anamorphic structure 
is adopted so as to eliminate an eccentric aberration. 

[Ninth Embodiment] 

5 

[0056] Some variations realized when the rod is used 
will now be described as a ninth embodiment according 
to the present invention. FIG. 25 shows an illumination 
apparatus in which triangular prisms 18 having reflec- 
ts tion-coated inclined planes in order to bend the optical 
axis are arranged on outgoing radiation end surfaces of 
the taper rods 13 and the light paths are folded by a 
prism 11 B which functions as the illumination lens 11 
and is constituted by free-form surfaces, thereby illumi- 
15 nating a thin transmission type LCD 12B as the light 
modulation element. In this case, each rod outgoing ra- 
diation end surface is not provided separately from the 
triangular prism 18, but the taper rod 13 may be proc- 
essed so as to have an inclined outgoing radiation end 
20 surface, or it may have a lens shape in view of the optical 
system on a rear stage. 

[0057] Furthermore, FIG. 26 shows an example of an 
illumination apparatus using a free-form surface prism 
11 C which is likewise constituted by free-form surfaces 
25 as the pupil formation member. In this case, a compact 
structure can be achieved in accordance with a layout 
restriction condition by folding the light paths many 
times. 

[0058] FIG. 27 is a view showing a structure of an im- 

30 age projection apparatus using a reflection type LCD 12 
as the light modulation element 12. In this case, the il- 
lumination apparatus irradiates the reflection type LCD 
12C with the illumination light by arranging a PS con- 
verter 1 9 on a rear stage of the taper rods 1 3 and further 

35 arranging a polarized beam splitter (which will be abbre- 
viated as a PBS hereinafter) 20 between the illumination 
lens 11 and the reflection type LCD 12C. Moreover, the 
illumination lens 11 used to form an optical pupil by using 
a light flux NA-converted by the taper rods 13 is consti- 

40 tuted by a tablet. 

Additionally, the PBS 20 is configured to reflect the light 
from the LED side to the reflection type LCD 20, and not 
to reflect the reflected light from the reflection type LCD 
1 2C to the LED side but transmit it to the projection lens 

45 21 side. Therefore, in the image projection apparatus 
using such an illumination apparatus, by displaying an 
image on the reflection type LCD 1 2C by using an elec- 
trical signal outputted from a non-illustrated drive circuit, 
the displayed image can be enlarged and projected on 

so a screen 22 by using the projection lens 21 through the 
PBS 20. 

[10th Embodiment] 

55 [0059] A 10th embodiment according to the present 
invention will now be described. There has been con- 
sidered a method which selects an LED 1 which has 
reached a predetermined position opposed to an inci- 
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dent end of the rod while relatively moving a plurality of 
LEDs 1 with respect to the rod, performs pulse lighting 
drive by using a lighting portion, and controls so as to 
sequentially switch the LEDs by a light selection control 
portion, thereby increasing the brightness. In this case, 
since a relative position relationship between the LED 
1 and the rod varies with time, an outgoing light quantity 
of the rod also fluctuates with time. In cases where only 
one LED 1 is turned on in sequence, if the radiation dis- 
tribution characteristics of the LED 1 are that the light 
quantity becomes maximum jn the vertical direction 
which is the general radiation distribution characteris- 
tics, the light quantity to be collected to the rod reaches 
a peak at a position where the LED 1 is placed on the 
central normal line on the rod end surface, and it is re- 
duced as the LED 1 deviates from the central position 
on the rod end surface. Therefore, this fluctuation with 
time is considerable, and this method is unsuitable when 
illuminating the light modulation element 12 which ex- 
presses the gradation by performing timesharing like the 
DMD. 

[0060] Thus, in the illumination apparatus according 
to the 10th embodiment, two LEDs 1 are constantly- 
turned on when moving the LED 1 in this manner. FIGS. 
28A to 28D show the light collecting state from the inci- 
dent end surface of the taper rod 13 in the order of FIG. 
28A, FIG. 28B, FIG. 28C and FIG. 28D with time. Here, 
the drawings show the state that the blackened LED 1 
emits the light, but it is desirable to switch the light emit- 
ting LED 1 with a timing of a state transition from FIG. 
28A to FIG. 28B. In this case, since the light correspond- 
ing to approximately one and half-LEDs 1 is constantly 
collected to the taper rod 13, the light quantity does not 
fluctuate much with time. Thus, an incident end surface 
diameter which is twofold of an LED pitch is required 
with respect to a direction of movement of the LED 1 or 
the taper rod 13. Therefore, there is used an elliptic or 
rectangular taper rod 13 having a diameter which is 
equivalent to, e.g., the LED pitch in a direction vertical 
to the drawing and is twofold of the LED pitch in the di- 
rection of the drawing as the movement direction. 
[0061] Furthermore, since the light quantity of the ta- 
per rod with a long incident end surface in the movement 
direction does not fluctuate much with time as described 
above, when such a taper rod 13D having the same in- 
cident end surface and outgoing radiation end surface 
aspects as shown in FIG. 11 is used, determining the 
specification of the apparatus by utilizing a fact that the 
direction with the larger incident NA has the larger out- 
going radiation NA as it stands can realize the illumina- 
tion apparatus with the good productivity of the taper rod 
and less fluctuation with time. Moreover, in the example 
of the taper rod 13D shown in FIG. 11 , the configuration 
that the long side of the light modulation element 12 is 
positioned in the same direction as the Y direction of the 
rod enables illumination with the good area efficiency. 



[11th Embodiment] 

[0062] An 11th embodiment according to the present 
invention will now be described. FIG. 29A is a view 
5 showing a structure of an illumination apparatus accord- 
ing to the 11th embodiment, the brightness is improved 
by sequentially performing pulse lighting of the LEDs 1 . 
That is, in the illumination apparatus according to this 
embodiment, the LEDs 1 are arranged in the circumfer- 
10 ential form so as to face the center, two angular light 
leading rod members 23 each of which is constituted by 
an L-shaped optical plane used to perform NA conver- 
sion as a columnar light leading member are rotated, 
and the LED 1 placed at a corresponding position is se- 
75 quentially caused to emit the light with swiveling of the 
light leading rod members 23. In this case, as described 
in connection with the 10th embodiment, although it is 
preferable to cause each two LEDs 1 to emit the light 
relative to the respective light leading members 23, only 
one LED 1 may be caused to emit the light. 
[0063] Additionally, the optical system has a Koehler 
illumination structure, and a light flux conversion ele- 
ment arranged on the outgoing radiation end surfaces 
of the light leading rod members 23, e.g., a light flux 
shape conversion diffuser 16B is used to convert a 
shape of a pupil formed by the illumination lens 11 into 
a shape close to an outer shape of the light modulation 
element 12. At this time, as shown in FIG. 29B, even if 
the outgoing radiation end surface 23a itself of the light 
leading rod member 23 has a rectangular shape, the 
light flux shape of the outgoing radiation end surface 23a 
is a circular shape with a trajectory of corner portions 
being determined as a circumference by rotation. As- 
suming that the outgoing radiation end surface 23a is a 
virtual light source and critical illumination which sets a 
conjugate relationship with the light modulation element 
1 2 as an irradiation object is performed, the light quantity 
at the peripheral portion of the outgoing radiation end 
surface 23a as a physical plane fluctuates with time, 
which results in temporal illumination irregularities. On 
the other hand, in Koehler illumination, since the angle 
distribution of the outgoing light does not vary even if 
the light leading rod members 23 rotate, fluctuations in 
illumination intensity irregularities with time do not occur. 
[0064] FIG. 30 is a view showing the structure of the 
illumination apparatus according to the 11th embodi- 
ment depicted in FIG. 29A in further detail. That is, each 
angular light leading rod member 23 constituted by an 
L-shaped optical plane attached to a rod holder 24 as a 
holder capable of swiveling is rotated by a motor 25 as 
a drive member, and a plurality of LEDs 1 arranged on 
the inner circumference of an LED substrate 26 formed 
into a drum shape are sequentially turned on with rota- 
tion of the light leading rod members 23. It is to be noted 
that each light leading rod member 23 has an angular 
shape because the efficiency is high due to a rectangu- 
lar shape of the LED 1 and the loss generated when 
bending into the L shape can be minimized. Further, this 
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L-shaped light leading rod member 23 may be manu- 
factured by integral molding, or it may be formed by 
bonding three members, i.e.. an angular parallel rod 
23A, a reflection prism 23B having reflect ion -coated 
light path bending inclined planes and the taper rod 23C. 
[0065] Furthermore, the outgoing radiation end sur- 
face of each light leading rod member 23 is used as a 
virtual light source, and the illumination lens 11 is used 
to configure a Koehler illumination optical system which 
forms an optical pupil on a display device as the light 
modulation element 12. Moreover, in order to improve 
the area efficiency, the light flux shape conversion dif- 
fuser 16B is arranged on the rear stage of the outgoing 
radiation end surfaces of the light leading rod members 
23. Additionally, a part of the outgoing light is led to a 
light quantity monitor 28 where the light is monitored by 
using a light leading plate 27 arranged in the vicinity of 
the outgoing radiation ends of the light leading rod mem- 
bers 23, a drive current of the LED 1 is feedback-con- 
trolled by an LED drive circuit 29 as a lighting portion in 
such a manner that the light quantity becomes optimum 
in accordance with an increase or a decrease in the 
monitored outgoing light. Further, a light emission timing 
of the LED 1 obtained by the LED drive circuit 29 is con- 
trolled by a light emission timing control circuit 31 as a 
light selection control portion based on a rotation posi- 
tion detection of the rod holder 24 by a rotation sensor 
30. 

[0066] it is to be noted that the motor 25 is driven by 
a motor drive circuit 32. Furthermore, a heat slinger 33 
is provided at the outer periphery of the drum-shaped 
LED substrate 26, change in characteristics of the LED 
1 due to heat is prevented by radiating heat generated 
by light emission of the LED 1, and stable illumination 
can be thereby obtained even if the illumination appa- 
ratus is continuously operated. 
[0067] As described above, a plurality of the LEDs 1 
are sequentially switched and subjected to pulse light 
emission, a relative position relationship with the light 
leading rod members 23 which collect the emitted light 
is selected and shifted in accordance with light emission 
switching of the LEDs 1 , thereby effectively obtaining 
the LEDs with the high brightness and acquiring the light 
with a high intensity and an improved parallelism from 
the light leading rod members 23. 
[0068] Incidentally, in this structure, a relative position 
between the LEDs 1 and the light leading rod members 
23 is shifted by rotating the light leading rod members 
23, but it can be also realized by moving the LEDs 1 . 
However, in view of power feeding to the LEDs 1 , it is 
preferable to move the light leading members 23 in re- 
gard to the reliability. In this case, since the light intensity 
distribution in, e.g., the outgoing radiation end surface 
of each light leading rod member 23 has small irregu- 
larities when the light leading rod member 23 has a 
length to some extent, this outgoing radiation end sur- 
face can be regarded as a virtual rectangular top face 
light source with the high evenness, and hence there 



may be carried out critical illumination which sets the 
light modulation element 12 as an irradiation object and 
the outgoing radiation end surface of the light leading 
member 23 to a conjugate relationship and performs il- 

5 lumination. However, when a plurality of the light leading 
rod members 23 are provided like this structure, a pe- 
ripheral edge portion of the outgoing radiation end sur- 
face of each light leading rod member 23 is projected 
onto the irradiation object and illuminated, which results 

10 in lack of illuminant uniformity. Since rotation is actually 
performed, the illumination area has a circular shape 
and the peripheral edge portion cannot be visually con- 
firmed depending on a rotational speed. However, in a 
given moment, the peripheral edge portion of the rod 

f5 outgoing radiation end surface has illumination irregu- 
larities, the illumination irregularities are shifted in the 
area with time, and hence this mode cannot be applied 
to the light modulation element 12 (display device) 
which expresses the gradation in a time-sharing man- 

20 ner. On the contrary, like this structure, in case of Koeh- 
ler illumination which converts an angle intensity distri- 
bution of a light flux emitted from each light leading rod 
member 23 into a position intensity distribution in an il- 
lumination area, even if the light leading rod member 23 

25 is shifted, the angle intensity distribution of the light flux 
outgoing from the light leading rod member 23 does not 
vary, thereby realizing the illumination apparatus with 
small illumination irregularities in the illumination area. 
[0069] FIG. 31 shows a modification of the illumina- 

30 tion apparatus according to this embodiment. In this 
modification, the light from the LED 1 as a luminous 
body is reflected and led by angular light pipes 34 each 
having an inner surface subjected to reflecting mirror fin- 
ishing in place of the rod, a direction of the optical axis 

35 is changed by a reflection mirror 35, and the light is led 
in such a manner that light rays from a plurality of the 
light pipes 34 are aligned on the light flux shape conver- 
sion diffuser 16B. In this modification, the LED 1 is fix- 
edly set in view of power feeding, and the light pipes 34 

40 as the light leading members and the reflection mirror 
35 swivel. Moreover, since Koehler illumination is per- 
formed : even if a relative position between the light 
source and the pipe end surface is shifted, an illumina- 
tion area is not shifted. Since the light pipes 34 do not 

45 perform the NA conversion but just lead the light, the 
light with a large NA indicated by a doted line reaches 
a position which deviates from an irradiation object. 
Therefore, this modification is effective for a diffusion lu- 
minous body with a relatively narrow radiation angle. 

so [0070] It is to be noted that a light leading plate may 
be likewise arranged between the reflection mirror 35 
and the light flux shape conversion diffuser 16B, and a 
part of the outgoing light led by the light leading plate 
may be monitored by a light quantity monitor so that a 

55 drive current of the LED 1 can be subjected to a feed- 
back control by the LED drive circuit 29. 
[0071] Although the present invention has been de- 
scribed based on the foregoing embodiments, the 
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present invention is not restricted to the above-de- 
scribed embodiments, and various kinds of modifica- 
tions or applications can be of course carried out without 
departing from the scope of the invention. 
[0072] For example, the luminous body is not limited 
to the LED, and any kind of luminous body may be 
adopted as long as it is a small-plane light source having 
the diffusion radiation characteristics. 



Claims 

1 . An illumination apparatus comprising a small-plane 
light source (1) having diffusion radiation character- 
istics, characterized by further comprising: 

columnar light leading means (10; 13; 13a, 
13b1, 13b2, 13c1, 13c2; 13A to 13D; 14; 23; 
34), having an incident end surface, an outgo- 
ing radiation end surface and a reflection sur- 
face, for reflecting on the reflection surface at 
least a part of a light ray from the small-plane 
light source collected from the incident end sur- 
face, thereby leading the light to the outgoing 
radiation end surface; and 
angle position converting means (1 1 ; 1 1 A; 11 B; 
11C) for converting an outgoing light angle in- 
tensity of the outgoing light from the outgoing 
radiation end surface of the columnar light lead- 
ing means into a position intensity in a prede- 
termined irradiation area (12; 12A; 12B; 12C; 
17). 

2. The apparatus according to claim 1 , * 
characterized in that 

the angle position converting means includes 
pupil forming means (11; 11 A; 11 B; 11C) for 
forming a pupil by using the outgoing radiation 
end surface of the columnar light leading 
means as a virtual light source, and 
a position of the irradiation area (12; 12A; 12B; 
1 2C; 1 7) is set in the vicinity of a position of a 
pupil formed by the pupil forming means. 

3. The apparatus according to claim 2, 
characterized in that 

the pupil forming means includes an illumina- 
tion lens (11) for condensing the light from the 
outgoing radiation end surface of the columnar 
light leading means, and 
the predetermined irradiation area (12; 12 A; 
1 2B; 1 2C; 1 7) is set in the vicinity of a focal po- 
sition of the illumination lens. 

4. The apparatus according to claim 1 , 
characterized in that the columnar light leading 



means (13; 13a, 13b1, 13b2, 13c1, 13c2; 13Ato 
13D; 14; 23) has a tapered shape that an area of 
the outgoing radiation end surface is larger than an 
area of the incident end surface. 

5 

5. The apparatus according to claim 1 , 
characterized in that the apparatus comprises a 
plurality of small-plane light sources (1 ) each having 
the diffusion radiation characteristics. 

10 

6. The apparatus according to claim 3, 
characterized in that 

the apparatus comprises a plurality of the co- 
15 lumnar light leading means (13; 13a, 13b1, 

13b2, 13d, 13c2; 14), and 
assuming that Y is a length of the outgoing ra- 
diation end surface of each columnar light lead- 
ing means in a given direction of each columnar 
20 light leading means, f is a focal distance of the 

illumination lens (11), and G is a maximum al- 
lowable light ray angle in the predetermined il- 
lumination area (12; 12A; 12B; 12C; 17) in that 
direction, an arrangement number n in that di- 
25 rection of the columnar light leading means sat- 

isfies the following expression: 

ns(2xfx TanG) / Y 

30 

7. The apparatus according to claim 5 or 6, 
characterized in that the small-plane light source 
(1 ) and the columnar light leading means (1 3; 1 3a, 
13b1, 13b2, 13c1, 13c2; 14) form a pair. 

35 

8. The apparatus according to claim 6, 
characterized in that a plurality of the columnar 
light leading means (13a, 13b1, 13b2, 13c1, 13c2) 
are aligned in such a manner that the outgoing ra- 

40 diation end surfaces of the columnar light leading 
means are placed at different positions with respect 
to a direction of a normal line of the small-plane light 
source, and a plurality of the aligned columnar light 
leading means are arranged in such a manner that 

is the central columnar light leading means (13a) is 
farthest from the illumination lens (11) and the co- 
lumnar light leading means (1 3d , 1 3c2) positioned 
at ends are closest from the illumination lens (11). 

so 9. The apparatus according to claim 1 , 

characterized in that the columnar light leading 
means includes a rod (10; 13; 13a, 13b1, 13b2, 
1 3d , 1 3c2; 1 3A to 1 3D; 23C) constituted by an op- 
tical plane made of a transparent material. 

55 

10. The apparatus according to claim 1 , 

characterized in that the columnar light leading 
means includes a mirror pipe (14; 34) having a hol- 
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low structure whose inner surface is constituted by 
a reflecting mirror. 

11. The apparatus according to claim 1 or 4, 
characterized in that 

the columnar light leading means (1 3C ; 1 4) has 
an anisotropy in a ratio of a size of the incident 
end surface and a size of the outgoing radiation 
end surface, and 

the columnar light leading means is arranged 
in such a mannerthat a direction of the large 
illumination area becomes a direction of the 
small ratio. 

12. The apparatus according to claim 1 or 4, 
characterized in that the incident end surface and 
the outgoing radiation end surface of the columnar 
light leading means (13A, 13B, 13D) have shapes 
similar to each other. 

13. The apparatus according to claim 2, 
characterized in that a maximum outgoing radia- 
tion NA of the columnar light leading means is con- 
figured to substantially match with an incident side 
NA when forming a pupil with a predetermined size 
by the pupil forming means. 

14. The apparatus according to claim 2, 
characterized by further comprising a light diffu- 
sion element (16; 16A; 16B) arranged on a rear 
stage of the outgoing radiation end surface of the 
columnar light leading means. 

15. The apparatus according to claim 14, 
characterized in that, when the pupil forming 
means has a focal distance f and a size of the irra- 
diation area is L, a diffusion angle 6 of the light dif- 
fusion element satisfies the following expression: 

-2 x Tan' 1 (0.5 x Uf) < 0 <2 X Tan* 1 (0.5 x Uf) 



al shape into a rectangular shape. 

19. The apparatus according to claim 5, 
characterized by further comprising: 

5 

lighting means (29) for enabling adjustment of 
a light emission quantity of each of the small- 
plane light sources; 

moving means (25) for relatively moving the 
10 small-plane light sources and the columnar 

light leading means (23; 24); and 
light selection controlling means (31) for con- 
trolling at least one of the moving means and 
the lighting means so as to select a light ray 
*5 used to illuminate the illumination area from 

light rays from the small-plane light sources. 

20. The apparatus according to claim 2, characterized 
in that the pupil forming means (t 1 A; 1 1 B; 1 1 C) is 

20 arranged so as to be eccentric with respect to a nor- 
mal line of the outgoing radiation end surface of the 
columnar light leading means. 

21. The apparatus according to claim 20, character- 
25 jzed in that the pupil forming means includes a 

prism (11B; 11 C) having free-form surfaces. 

22. An image projection apparatus comprising: 

30 a light modulation element (1 2C), having a pixel 

structure, for modulating a light ray for each pix- 
el in accordance with an image signal; 
an illumination apparatus for illuminating the 
light modulation element; and 

35 a projection lens (21 ) for enlarging and project- 

ing the light modulation element, character- 
ized in that 

the illumination apparatus is an illumination ap- 
paratus according to any of claims 1 to 21 . and 
^o the light modulation element is arranged in the 

illumination area in the illumination apparatus. 



16. The apparatus according to claim 14, 
characterized in that the light diffusion element in- 
cludes a one-dimensional diffuser (16A). 

17. The apparatus according to claim 1 , 
characterized by further comprising a light flux 
shape conversion element (16B) arranged in the vi- 
cinity of the outgoing radiation end surface of the 
columnar light leading means. 

18. The apparatus according to claim 17, 
characterized in that the light flux shape conver- 
sion element includes a diffuser (16B) which has a 
function to convert a circular light flux cross-section- 
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